We report on long-term measurements of a highly coherent, non-tunable transmon qubit, revealing lowfrequency burst noise in coherence times and transition frequency. We achieve this through a simultaneous measurement of the qubits relaxation and dephasing rate as well as its resonance frequency and an analysis of their correlations. These yield information about the microscopic origin of the intrinsic decoherence mechanisms in Josephson qubits. Our data is consistent with a small number of microscopic two-level systems located at the edges of the superconducting lm, which is further con rmed by a spectral noise analysis.
We report on long-term measurements of a highly coherent, non-tunable transmon qubit, revealing lowfrequency burst noise in coherence times and transition frequency. We achieve this through a simultaneous measurement of the qubits relaxation and dephasing rate as well as its resonance frequency and an analysis of their correlations. These yield information about the microscopic origin of the intrinsic decoherence mechanisms in Josephson qubits. Our data is consistent with a small number of microscopic two-level systems located at the edges of the superconducting lm, which is further con rmed by a spectral noise analysis.
Today's prototype solid-state quantum computers built from highly coherent superconducting qubits such as the transmon [1] are already capable to nd the electronic ground state of small molecules [2] . Their complexity keeps growing, while error rates of logical gate operations are already close to the threshold for fault-tolerant quantum computing [3, 4] . However, the error probability due to parameter uctuations scales exponentially with the number of qubits, rendering the calibration of systems of many qubits di cult. The demand on stability and enhanced runtime of scaled-up quantum systems widens the focus of current research towards decoherence mechanisms and uctuations occurring on time scales of hours or even days.
To examine the stability of a transmon-type qubit, we perform long-term measurements of energy relaxation T 1 , Ramsey T R 2 , and spin echo T E 2 coherence times, as well as transition frequency ω q . When these parameters are measured consecutively, inconsistencies tend to be observed due to parameter uctuations. Here, we develop a time-multiplexed pulse sequence pattern (see Fig. 1 (a) ) to acquire all qubit parameters simultaneously. Moreover, the interleaved pattern enables us to characterize correlations of qubit parameter uctuations and coherence, which reveal a deep connection between noise at mHz frequencies and qubit dephasing.
Our long-term measurements reveal signi cant uctuations in all qubit parameters, similar to earlier reports [5] [6] [7] . The qubit transition frequency displays telegraphic noise, that prompts the model of environmental two-level systems (TLS) interacting with the qubit. TLS emerge from the bistable tunneling of atomic-sized defects [8] [9] [10] which may reside within the amorphous AlO x of the qubit's tunnel barrier and electrode surface oxides, but can also be formed by adsorbates or processing residuals on the chip surface [11, 12] . Such defects may couple to the qubit by their electric dipole moments, and those having transition frequencies near or at the qubits resonance cause dispersive frequency shifts [13] or avoided level-crossings [14] .
Our power spectral density (PSD) analysis of the observed uctuations supports the model of them originating from a sparse bath of environmental TLS. We nd that other sources of uctuation, like temperature variations, critical current uctuations, quasiparticle tunneling, or ux vortices, play secondary roles in the presented experiment, as discussed below. Fluctuations in ω q at frequencies of 0.03−40 mHz show signi cant deviations from 1/f noise, and are well modeled by a Cauchy (Lorentzian) distribution, further supporting the TLS model. Complemented by a cross-correlation analysis, our data provides strong evidence for a small number of spectrally di using TLS dominating dephasing if near-resonant, while the 1/f noise background emerges from a bath of more weakly coupled TLS [15] .
Our interpretation of the data according to the interacting defect model [13, 16] , is further motivated by recent experiments [10] , where the thermal switching of individual TLS in AlO x Josephson junctions was measured directly [17] . Further, spectral di usion of TLS was recently observed by monitoring the T 1 time of a transmon qubit [5] . Our results further con rm the ndings that single TLS strongly a ect qubit coherence and complement them by simultaneous measurements of dephasing, and qubit frequency, as well as their correlations, and power spectra at mHz frequencies.
In the interacting defect model TLS interact with defects in their vicinity, both electrically and via their response to mechanical strain [18, 19] . If one TLS has its transition energy below or close to the thermal level k B T , it undergoes random state-switching. We call these two-level uctuators (TLF) to distinguish them from the more coherent TLS [10] well above k B T . Mutual coupling between TLS and TLF causes telegraphic uctuations or spectral di usion [20] of the TLS' resonance frequencies. The resulting time-dependent frequency uctuation of near-resonant TLS give rise to phase noise of superconducting resonators [21] and may also cause the parameter uctuations of qubits [16] , investigated here. We use a non-tunable transmon qubit with an Al-AlO x -Al junction, capacitively shunted by coplanar lms of 40 nm TiN, connected to a readout resonator.
The Hamiltonian describing our qubit is well approximated by
where ω q is the splitting between the ground and excited state, α is the anharmonicity, and a † and a are the raising and lowering operators. The qubit transition frequency is ω q /2π = 4.75 GHz, and the ratio of Josephson energy to charging energy E J /E C is 78, leaving it well-protected from charge uctuations.
Repeated measurements with a sequence analogous to Fig. 2 , corresponding to the data in Fig. 1 . The bunching at discrete values in Fig. 2 (a) is attributed to telegraphic spectral di usion of near-resonant TLS, as also observed in other experiments [5, 17, 19, 22] . The uctuation strength shown in Fig. 2(b) is the di erence of a data point to a rolling mean of the adjacent data points. The triangular structure shows that low dephasing times coincide with strong changes in ω q . This reveals a correlation between the frequency uctuations on the order of microseconds which cause dephasing and the observed uctuations on the order of seconds, and is seen in all our measurements. For further information about the distribution of uctuation strength, see Appendix C.
Plot 2(c) shows data from a later cooldown which exhibited larger uctuations and lower coherence times (see appendix Fig. 5 ). Di erent types of correlation could be observed in the course of a single measurement. A time interval of about 10 h without obvious correlation between T Φ and ∆ω q is followed by positive, and negative correlation during times of strong frequency uctuation. This excessive dephasing can be explained by uctuations of the dispersive shift caused by single TLS coupled to the qubit. The underlying spectral di usion of these TLS originates in their dipole or strain interaction with TLF that undergo thermally excited switching processes. Finally, the polarity and strength of the correlations depend on the sign of the detuning between TLS and qubit and their mutual coupling strength.
We describe TLS by the generic two-level Hamiltonian H TLS,j = − the asymmetry energy, δ j is the tunneling energy, and σ i are the Pauli matrices. Assuming the coupling between qubit and TLS to be transversal [23, 24] H int,j = g j σ z (a + a † ), transformation into the dispersive frame yields
where χ j = g 2 j /∆ is the dispersive shift and ∆ = ω TLS,j − ω q the detuning between TLS and qubit.
We can estimate the necessary coupling strength g j from the observed uctuation amplitude ∆ω q (assuming resonant TLS with a dipole moment on the order of 1 eÅ [25] [26] [27] , see Appendix E for details). The maximum qubit-TLS coupling in the junction is approximately 90 MHz. This would allow for larger changes in ω q than the observed 5-140 kHz. However, the coupling strength to TLS sites closer than 50 nm to capacitor-edges corresponds to g j 100 kHz and is in excellent agreement with this observation. Thus we conclude that the dominant TLS in our experiment reside close to lm edges creating eld enhancement, not inside the junction. Now, we analyze the thermally excited uctuators that are coupled to the TLS. The noise PSD of observed uctuations is expected to relate to the switching-time spectrum of TLF. The relevant low-frequency part of their spectral distribution in thermal equilibrium is proportional to [23] 
which is a Lorentz distribution centered at zero frequency, with the TLS relaxation rate Γ 1,j . Here,
is the thermal population of the TLS and E j = 2 j + δ 2 j is the TLS transition energy. This matches well to the PSD obtained from a long-term measurement optimized for frequency accuracy shown in Fig. 3 .
Noise of the form 1/f α with α ≈ 1 has been observed in many solid-state qubits [28] . It can be interpreted as the result of a uniform distribution of TLF barrier heights [15] . Our data however deviates signi cantly from 1/f noise (black dash-dotted line in Fig. 3 ) but can be tted accurately (red solid line) by adding a Lorentzian centered at zero frequency (black dashed line) and a white noise oor. This suggests a small number or even a single TLF to dominate the frequency uctuation in this case. Extracted parameters are α = 0.9 and Γ 1 = 0.7 mHz. From the rate distribution, we estimate a TLF energy of E j /k B T = ln(Γ ↓ /Γ ↑ ) = 1.1 in agreement with the model of thermal TLF. In all our datasets that exhibit large uctuations, the uctuation spectra of ∆ω q show similar Lorentzian signatures, while the PSD of stable data sets (Fig. 6 ) show 1/f noise (not shown), as expected without dominant TLS. For details on the PSD analysis method, see appendix D.
Throughout our measurements, reduced coherence manifests itself most strongly in the dephasing times T Φ and T R 2 rather than in T 1 and spin echo T In repeated measurements and di erent cooldowns, we nd the coherence times to be anti-correlated to the maximum amplitude of frequency uctuations. This corresponds to di erent coupling strengths to the respective dominant TLS. In measurements with persistently high coherence times, large jumps in qubit frequency are absent and uctuations are small. If the coupling to a TLS leads to high decoherence, dephasing times are consistently lower, even at times without observable frequency uctuations of the qubit. Possible explanations for abrupt changes in decoherence dynamics are slow thermalization processes in the amorphous parts, logarithmically slow TLS relaxation [29] , or background radiation.
A cross-correlation analysis con rms the relation between the observed frequency uctuations and dephasing in all datasets. We conclude that the same mechanism is responsible for qubit dephasing and slow uctuations of its parameters. Further, we gain insight into TLS-induced qubit relaxation. For periods of strong uctuation of ω q , crosscorrelations between the absolute uctuation strength and the relaxation rate (| d dt ∆ω q | Γ 1 )(t = 0) are pronounced. This shows that TLS are a dominant photon loss channel in our system and renders critical current uctuations as primary decoherence mechanism unlikely. Both mechanisms can be caused by TLS in the junction, resulting in similar noise spectra [30] . Current noise however only a ects ω q and thus would not yield a correlation of | d dt ∆ω q | with Γ 1 . The same applies for frequency dependent loss.
Assuming that a single dominant TLS is responsible for dephasing and photon loss, implies that the cross correlations (∆ω q Γ φ ) and (∆ω q Γ 1 ) have the same sign at zero delay. While this was our typical observation, also the opposite behavior was encountered which points towards di erent sources for dephasing and relaxation in some cases. This can be explained by the presence of a stable TLS (A) coupled strongly to the qubit and dominating its relaxation, and a second more weakly coupled TLS (B) that uctuates and causes dephasing. Opposing correlations emerge if both TLS are above or below the qubit frequency. In that case, di usion of B towards the qubit results in level repulsion, detuning the qubit further from A.
During periods of high coherence, we observe small crosscorrelation between Γ 1 and | d dt ∆ω q |. We interpret this, as due to a bath of weakly coupled TLS limiting Γ 1 , rather than a single strongly coupled TLS [31] [32] [33] . In the same measurement we observed high correlation of the absolute uctuation strength with Γ Φ . Our explanation is the di erent scaling of relaxation Γ 1 ∝ g 2 /∆ 2 and dispersive shift χ k ∝ g 2 /∆. Thus, a TLS can be detuned far enough to still cause dephasing, but not dominate the relaxation. This also explains the stronger uctuations in Γ Φ compared to Γ 1 , observed throughout our measurements. See appendix F for related datasets and cross-correlation plots.
Finally, we discuss the in uence of other possible sources for discrete uctuations: non-equilibrium quasiparticles (qp), movement of Abriskosov vortices, or temperature uctuations. The Transmon qubits' transition energy is exponentially insensitive to charge uctuations with respect to E J /E C [1] . In our case, the change in qubit frequency due to a single qp, switching the charge parity of the capacitance [34, 35] , is about 2 Hz and thus negligible. The same applies to ux noise, which does not in uece our single junction qubit. For con rmation, we measured the sample with roughly in-plane magnetic elds up to ±1 mT, and observed no changes in either coherence or frequency stability. Temperature uctuations are known to induce lowfrequency critical current noise [36] . This e ect is strongly temperature dependent and found to be relevant at T T c /3 in Al-AlO x -Al junctions. Therefore it can be excluded at our experimental temperature of T ≤ 20 mK.
In summary, we used a time-multiplexed protocol in long term measurements to extract correlated decoherence information of a non-tunable transmon qubit. We nd correlation between decoherence and uctuations in qubit frequency on the timescale of seconds to days, which we attribute to the in uence of single dominant TLS, located close to conductor edges. Cross-correlation and PSD analysis con rm this interpretation and ascribe the source of uctuation to interactions between thermal uctuators and TLS near resonance with the qubit.
Single defects reducing the coherence of qubits by up to one order of magnitude are a major challenge for future quantum computers. Our ndings make continuous re-calibration a necessity in today's solid-state qubits, new materials or pro-cessing [12, 37] might mitigate the problem. However, our results imply that fundamental improvements of qubit parameter stability are necessary in order to realize useful manyqubit systems.
N ote added−During submission of this manuscript, a preprint on comparable observations was published by Burnett et al. [38] . Who independently arrived at the conclusion that TLS are a major contribution to qubit parameter uctuation.
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Appendix C: Data analysis details
To characterize the increased variance in uctuation strength at low pure dephasing times in Fig. 2(b) , we use Gaussian ts in the top panel histogram (see Fig. 4 ). These show increased variance for lower T φ , solid and dashed red lines are ts to points above and below T φ = 40 µs, represented by light and dark bars in the histograms respectively. Normal distributions are chosen because multiple independent sources contribute to uctuation and their errors. To minimize the e ect of t inaccuracy, e.g. due to uctuations occurring during data acquisition, unreliable ts with uncertainties over a de ned threshold are masked in the data sets. The detuning of pulses due to the measured shifts in qubit frequency does not bias the extracted parameters. For the observed uctuation strength, the maximum change in signal amplitude is 0.8 %. 
